Mn3O4 is a spin frustrated magnet that adopts a tetragonally distorted spinel structure at ambient conditions and a CaMn2O4-type postspinel structure at high pressure. We conducted both optical measurements and ab initio calculations, and systematically studied the electronic band structures of both the spinel and postspinel Mn3O4 phases. For both phases, theoretical electronic structures are consistent with the optical absorption spectra, and display characteristic band-splitting of the conduction band. The band gap obtained from the absorption spectra is 1.91(6) eV for the spinel phase, and 0.94(2) eV for the postspinel phase. Both phases are charge-transfer type insulators. The Mn 3d t2g and O 2p form antibonding orbitals situated at the conduction band with higher energy.
3 . Mn 3 O 4 is a unique mixed-valence oxide that adopts a tetragonally distorted spinel structure ( Figure  1 ) at ambient conditions [4] [5] [6] [7] [8] [9] . This phase undergoes a structural phase transition at 15 GPa into a CaMn 2 O 4 -type phase, referred to as postspinel (Figure 1 ), which is quenchable to ambient pressure [10] [11] [12] . Lattice, spin, and orbital degrees of freedom are strongly coupled in both phases [12] [13] [14] [15] [16] . Mn 3 O 4 spinel undergoes three magnetic transitions (T N = 41 K, T 1 = 39 K, T 2 = 33 K) 8 , exhibits pronounced magnetodielectric and magnetoelastic coupling [13] [14] [15] , and a quantum phase transition 6, 16 . It adopts three magnetic structures, (i) T 1 < T <T N : a so-called Yafet-Kittel magnetic structure 17 in which Mn 2+ and Mn 3+ spins lie on the (1 -1 0) plane in a triangular spin configuration (Yafet-Kittel phase) [7] [8] [9] , (ii) T 2 < T <T 1 : a conical 8 or sinusoidal 9 magnetic structure incommensurate with the chemical unit cell, and (iii) T <T 2 : a commensurate magnetic structure with the magnetic unit cell of the Yafet-Kittel phase doubled along the [1 1 0] direction. This complicated magnetic structure implies that Mn 3 O 4 spinel is a spin frustrated magnet [13] [14] [15] [16] 18, 19 In this study, we found that both phases of Mn 3 O 4 possess characteristic band-splitting of the conduction band. Theoretical electronic structures are consistent with absorption spectra, where the band gap is 1.91(6) eV for the spinel phase and 0.94(2) eV for the postspinel phase. Both phases are charge-transfer type insulators. Mn 3d t 2g and O 2p form antibonding orbitals situated at the conduction band with higher energy.
II. EXPERIMENTS
Polycrystalline samples of Mn 3 O 4 spinel and postspinel were prepared at ambient and high pressure, respectively 12 . The spinel phase was prepared by heating MnCO 3 (Alfa Aesar, 99.99 %) in air at 1400 K for 16 h. The postspinel phase was prepared by pressurizing the spinel phase up to 20 GPa using a cell fitted with polycrystalline diamond double toroidal anvils, followed by slow decompression to ambient pressure. Purity of the samples was examined by using synchrotron X-ray diffraction (XRD) (λ = 0.041222 nm) at beamline 16-BMD of the advanced photon source (APS), Argonne National Laboratory (ANL) 12 . Total diffuse reflectance spectra of Mn 3 O 4 spinel and postspinel were measured using a spectrometer equipped with an integrating sphere (Hitachi High-Tech, U-4100). Al 2 O 3 powder was used as a standard reference. Then, the diffuse reflectance spectra were converted to absorption spectra using the Kubelka-Munk equation, (1-R)
2 /2R = α/s, where R, α and s denote reflectivity, absorption coefficient and scattering factor, respectively 26 . The optical band gap was deduced from the linear extrapolation of absorption spectra with energy.
Ab initio calculations were performed using the planewave projector augmented-wave (PAW) method 27, 28 implemented in Vienna Ab initio Simulation Package (VASP) code 29, 30 . Three different approximations to treat exchange-correlation potential were applied: (i) the generalized gradient approximation (GGA) by the Perdew-Becke-Ernzerhof (PBE) method 31 , (ii) the PBE plus a on-site Coulomb repulsion (U) term following the approach of Dudarev 32 for effective value of the Coulomb parameter (U ef f = U-J, where J being an intra-atomic exchange parameter), and (iii) the hybrid functionals by the Heyd, Scuseria, and Ernzerhof (HSE06) method 33 , where correlation is described in GGA (PBE) and its exchange is a mixture of 25 % exact Hartree-Fock and 75 % PBE exchange. We used the lattice constants of a = 0.5756 nm and c = 0.9439 nm at 4.2 K 7 for the spinel phase and a = 0.3020 nm, b = 0.9842 nm, and c = 0.9568 nm at 60 K 12 for the postspinel phase, which were determined by neutron diffraction. We used the lattice constants at 60 K for the postspinel phase since the atomic coordinates could not be determined from neutron diffraction due to the contribution of short-range ordered Mn 2+ spins 12 . Also a 2×1×1 supercell was constructed to investigate the magnetic structure of postspinel. The Brillouin zone was sampled by a 3×3×2 and a 3×3×2 Monkhorst-Pack grid 34 for the spinel and postspinel phases, respectively. A cutoff of 450 eV was chosen for the plane-wave basis set for both phases. HellmannFeynman forces were reduced until 0.5 eV nm −1 for the spinel phase, while the atomic coordinates for the postspinel phase were fixed at the initial input value due to its metastable nature 12 .
III. RESULTS AND DISCUSSION Figure 2 shows the absorption spectra of Mn 3 O 4 spinel and postspinel, converted from diffuse reflectance spectra using the Kubelka-Munk equation 26 . Red and blue lines are guide for estimating the optical band gap of the two energy levels of the conduction band in these phases. Ab initio calculations were also performed in order to obtain the theoretical band gap. Table I shows the experimental band gap from optical absorption spectra and the theoretical band gap from ab initio calculations for Mn 3 O 4 spinel and postspinel. Both methods show a consistent band structure with characteristic band-splitting of the conduction band (Table I and Figure 3) . The band gap obtained from optical absorption spectra is 1.91(6) eV for the spinel phase and 0.94(2) eV for the postspinel phase. The calculated band structure will be presented for both phases, and then their electronic structures will be further discussed. 2 /2R = α/s, where R, α and s denote reflectivity, absorption coefficient and scattering factor, respectively 26 . Red and blue lines are extrapolated to the energy axis, providing an estimate of optical band gap for these phases.
First, the band structure of Mn 3 O 4 spinel will be discussed. Figure 3(a) shows the DOS calculated for Mn 3 O 4 spinel with U-J = 4, 5, 6 eV. HSE06 calculations (Figure 4(a) ) was conducted as well as PBE+U calculations, and all these calculations give a widely spread valence band and a characteristic band-splitting of the conduction band (Figure 3(a) and Figure 4(a) ). This bandsplitting of the conduction band is allowed since the work function of manganese oxides (e.g. MnO) is in a range of 4.6-6.6 eV 35 . The band gap and the energetically most stable magnetic structure ( Figure 5 , referred to as FIM 6 in a previous study 22 ) of Mn 3 O 4 spinel obtained from the ab initio calculations is consistent with Chartier et al 22 and the previously reported cell-doubled magnetic structure below 33 K obtained from neutron diffraction studies [7] [8] [9] . Next, the band structure of Mn 3 O 4 postspinel will be discussed. The band gap of the postspinel phase (0.94(2) eV from optical absorption spectra) is about 1 eV smaller than that of the spinel phase (Table I ). 12 . The calculated magnetic moment of Mn 2+ and Mn 3+ are 4.7 µB/atom and 4.0 µB/atom, respectively. The calculated magnetic moment of Mn 3+ is in good agreement with the previously reported ordered moment of 3.49(2) µB/atom at 60 K obtained from neutron diffraction 12 . The calculated magnetic moment of Mn 2+ does not contradict with the short-range magnetic order of Mn 2+ spins below 55 K 12 since the spin canting was not considered in PBE method.
netic net magnetization 12 . The energy difference between AFM 3 and AFM 7 ( Figure 6 ) is only 3.1 meV/f.u., which is comparable with the thermal fluctuation of ≈ 4.7 meV at 55 K. Therefore, ab initio calculation demonstrates that Mn 3 O 4 postspinel is a spin frustrated magnet and the small energy difference between two AFM solutions is in harmony with the experimentally observed shortrange magnetic order below 55 K 12 . Since the calculated band gap is in good agreement with the optical absorption spectra and the most stable magnetic structure does not contradict with the neutron diffraction studies for both phases [7] [8] [9] 12 , the electronic band structure of Mn 3 O 4 is further explored on the basis of ab initio calculation. Hereafter we will employ the up-spin DOS with U-J = 5 eV for the phases, since the selection of U-J parameter does not change its DOS structure to a great extent. Figure 7 demonstrates that Mn 3d orbitals are widely spread over the valence band, and they have significant overlap with the O 2p orbitals. Although the band width becomes narrower, this feature is maintained for the conduction band as well.
Mn 3 O 4 spinel has a tetragonal symmetry (space group: I 41/amd (141)), which results in the Mn 3d orbitals being split into three nondegenerate levels and a doubly degenerate level. Figure 8(a) shows the theoretical local charge density map of Mn 3+ O 6 octahedra calculated for the two energy levels of the conduction band in Mn 3 O 4 spinel. Since the theoretical DOS of Mn 2+ electrons in the conduction band is very small, the theoretical DOS of Mn 3+ electrons sufficiently represent the total DOS for Mn 3d electrons in the conduction band. The multiplicity, Wyckoff letter, and site symmetry for Mn 3+ in Mn 3 O 4 spinel are 8, d, and 2/m, respectively. Provided that the Mn 3d orbitals pointing toward the O atom are t 2g and the rest are e g , the projection of charge distribution for Mn 3a electrons (Figure 8(a) ) suggests that the conduction band with lower energy (E g1 ) corresponds to Mn 3d t 2g , and the conduction band with higher energy (E g2 ) corresponds to Mn 3d e g (Figure 9 ). Mn 3 O 4 postspinel has an orthorhombic symmetry (space group: Pbcm(57)), which results in the Mn 3d levels being five nondegenerate levels. The multiplicity, Wyckoff letter, and site symmetry of Mn 3+ in Mn 3 O 4 postspinel are 8, e, and 1, respectively. Analogous to the spinel phase, the projection of charge distribution for Mn 3d electrons of Mn 3 O 4 postspinel (Figure 8(b) ) suggests that the conduction band with lower energy (E g1 ) corresponds to Mn 3d t 2g , and the conduction band with higher energy (E g2 ) corresponds to Mn 3d e g (Figure 9 ). Therefore, for both phases, Mn 3d orbitals overlap with O 2p orbitals in the valence band at the lower energy level of t 2g and e g . In other words, the Mn 3d levels split into bonding and antibonding levels forming hybridized orbitals with ligand O 2p orbitals. Both phases of Mn 3 O 4 are charge-transfer type insulators with characteristic band-splitting of the conduction band ( Figure  3 and Figure 7 ).
IV. CONCLUSION
Electronic structures of Mn 3 O 4 spinel and postspinel were systematically studied.
Ab initio calculations and the optical measurements were performed on both phases, resulting in a consistent band structure with characteristic band-splitting of the conduction band. We obtained the band gap of 1.91(6) eV for the spinel phase, and 0.94(2) eV for the postspinel phase. Both phases of Mn 3 O 4 are charge-transfer type insulators, and Mn 3d t 2g and O 2p form antibonding orbitals situated at the conduction band with higher energy. Ab initio calculations also demonstrate that Mn 3 O 4 postspinel is a spin frustrated magnet.
